I. INTRODUCTION
Nitrides-based ultraviolet (UV) light emitting diodes (LEDs) have a wide range of potential applications such as air and water purification, surface disinfection, UV curing, spectrometry, medical photo therapy, etc. As an important compound material for UV LEDs due to their wide band gap, AlGaN is attracting considerable attention in these years. However, the performance of the AlGaN LED is still far away from practical applications because of its low emission efficiency. One difficulty is to obtain a high quality AlGaN material. 1, 2 The other one is due to that the activation energy of acceptors increases with the band gap, 3 where it could reach 630 meV in AlN with the magnesium doping. The high thermal activation energy of holes is a serious issue for the larger band-gap AlGaN and AlN layers. The lack of transparent contact layer is another reason to cause the low efficiency of light emission since the traditional ITO is no longer transparent in the UV light range. This will lead to a bad current spreading. Recently, some studies proposed to use an ultra-thin graphene layer as the TCO to improve the current spreading as well as the reduction of absorption due to its atomic layer thickness. 4 Furthermore, the strong polarization field causes the band bending, which leads to the quantum-confined Stark effect (QCSE). The polarization field is mainly from the spontaneous polarization, which is hard to be canceled by the strain relaxation. The low light extraction efficiency due to the out-plane polarization property of AlN material is also a limiting factor to obtain a high efficiency UV LED.
Recently, Simon et al. developed a polarization-induced p-doping technique 5 by ionizing acceptor dopants using the built-in electric polarization instead of the thermal energy.
This method has also been demonstrated to bring an enhanced hole concentration in a metal-face graded AlGaN layer. Several groups have tried to improve the AlGaN material crystal quality. [6] [7] [8] [9] [10] [11] In addition, high Al composition AlGaN-based deep-UV LEDs with emission peaks at wavelengths of 250 to 290 nm have been reported by several groups. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] However, the external quantum efficiencies (EQE) of those AlGaN structures are still low.
As we know, the highest valence band structure of a bulk AlN is the jZi-like state. This makes the transitions from the highest valence band nearly forbidden forẼ?c, which is a drawback for the surface emitting. To fix this problem of the UV LED, nonpolar and semipolar planes have been investigated by several groups. [23] [24] [25] [26] [27] [28] [29] The advantage of using nonpolar LEDs is not only avoiding the QCSE but also changing the polarization property of the light emission, 30 which is good for the surface emission and some applications needing a polarized light source. To study the problem of the AlGaN based UV LED, a 1D drift-diffusion, Poisson, and 6 Â 6 k Á p Schrodinger solver is applied to get the band structures and internal quantum efficiency (IQE). With the 6 Â 6 k Á p Schrodinger solver for solving the band structure of the quantum well (QW), we can calculate energy subband levels, the band structure modification due to the strain and quantum confined effect, and the radiative recombination rate to investigate the optical anisotropy of the polar, nonpolar, and semipolar LEDs. In addition, through the Poisson and drift-diffusion solver, the IQE behaviors related to the different activation energies, growth orientations, and nonradiative lifetimes are studied as well. In this paper, the characteristics and performance of UV LEDs will be studied in detail.
II. FORMALISM
To understand the polarization property of nonpolar and semipolar LEDs, we applied 1D finite difference Poisson, a) Author to whom correspondence should be addressed. Electronic mail: yrwu@cc.ee.ntu.edu.tw. drift-diffusion, and 6 Â 6 k Á p Schrodinger solver to iteratively solve the band structure, energy levels, and wave functions of electrons and holes until they are converged. The details of k Á p formalism are presented in previous studies 31, 32 and the main parameters are listed in Tables I and II . Considering the arbitrary crystal growth orientation, the Hamiltonian, strain tensor, and piezoelectric effect can be obtained by using the rotation matrix
0021-
where the angles h and / denote the rotation angle from the z-axis (c-axis) to the x-axis and from x-axis to y-axis, respectively. We rotate the crystal growth axis (z 0 -axis) from x, y, z coordinate to x 0 , y 0 , z 0 coordinate, as shown in Figs. 1(a)-1(c), where the y 0 axis is always perpendicular to the c-axis. Later, we calculate the spontaneous emission rate. The spontaneous emission rate is obtained by
where f e and f h are Fermi-Dirac functions of electrons and holes, respectively. n r is the refractive index, E i;j is the effective bandgap from the state i to j, r is the inhomogeneous broadening factor, and jâ Áp ij j is the momentum matrix element between the electronic state i and the hole state j. To analyze the polarization, we define the polarization ratio as
where I k ¼ I z 0 I ? ¼ I x 0 þ I y 0 , and I x 0 , I y 0 , and I z 0 are the emission intensities of x 0 , y 0 , and z 0 -polarized light, respectively. For studying the current transport behavior of UV LEDs in different conditions, Poisson and drift-diffusion equations are solved self-consistently to calculate IQE and obtain the convergent potential. 33, 34 Equations to be solved are
J n ¼ Àl n nðxÞrVðxÞ þ qD n rnðxÞ;
J p ¼ þl p pðxÞrVðxÞ À qD p rpðxÞ;
where V is the band potential of the device, n and p are the free electron and hole carrier density, respectively. is the dielectric constant. N þ A and N À D are the activated doping density of acceptor and donor, J n and J p are the electron and hole current, l n and l p are the electron and hole mobility, and D n and D p are the diffusion coefficient of electron and hole, respectively. E t is the trap energy level located at the midgap, E i and n i are the intrinsic energy level and intrinsic carrier density, respectively, and s n and s p are the electron and hole nonradiative lifetimes, respectively. Once Poisson and drift diffusion equations are solved, the Poisson and 6 Â 6 k Á p Schrodinger equations are solved self-consistently to obtain eigen states and wave functions.
III. RESULT
To understand the band structures and E-k relations in the UV LED, an AlGaN based single QW is defined as shown in Table II . The substrate is assumed to be the AlGaN barrier where all strain components in the QW are calculated related to the substrate lattice size. To enhance the light extraction efficiency of the deep UV LED, we need to study the optical polarization property of different structures. The polarization charges at the interface of each structure are listed in Table III . As we mentioned earlier, due to the intrinsic property of the bulk AlN, most part of the light emits from the sidewall direction (Z-polarized light source). This intrinsic property of AlN has a significant influence on the high Al composition c-plane AlGaN QW deep UV LED. If we change the growth direction of the QW structures, owing to the in-plane anisotropic strain and quantum confined effect, the light polarization of the QW will be changed. Fig. 2(a) shows the polarization ratio q z 0 of a single AlGaN based QW with different rotation angle h. As we define, q z 0 is the polarization ratio of the out-of-plane polarized light to the in-plane polarized light. Therefore, a higher q z 0 means a much worse light extraction. We can see that the polarization ratio q z 0 rises slightly at h ¼ 20 À 40 , and starts to drop at h ¼ 40 , which means that nonpolar and semipolar structures might have a better performance in the surface emitting due to the stronger in-plane polarized light. The initial polarization ratio q z 0 (h ¼ 0 ) increases with the increase of Al composition in the QW layer because of the intrinsic property of AlN material and a smaller in-plane strain.
In Fig. 2(b) , we know that the initial value of the polarization ratio q x 0 y 0 for the c-plane case (h ¼ 0) should be zero in all deep UV structures because of the symmetric crystal structure in x-y plane and the same lateral strain. With the increase of the rotation angle h, the polarization ratio q x 0 y 0 starts to increase because the jX þ iYi and jX À iYi states are separated into the jXi and jYi state due to the asymmetric strain. The larger the Al composition in the AlGaN QW layer, the faster the polarization ratio q x 0 y 0 increases. The larger polarization ratio, q x 0 y 0 , means that the emitted light will be linearly polarized, which would be good for applications needing a polarized light source such as laser diodes (LDs).
A. c-plane and m-plane AlGaN QWs
To study the optical property of the AlGaN deep UV LED, we start with the c-plane deep UV QW structures. To simplify the calculation, all structures shown below are single QW structures. The band structure of the c-plane Al 0.4 Ga 0.6 N/Al 0.6 Ga 0.4 N single QW is shown in Fig. 3 . Here the jX þ iYi and jX À iYi states are the topper states while the jZi state is the third state because of the quantum confine effect and compressive in-plane strain by assuming a higher Al composition barrier (Al 0.6 Ga 0.4 N) layer as the substrate. As shown in Fig. 4 , the relative energy separation, (E x þ iy À E z ), of the jX þ iYi subband to the jZi subband decreases as the Al composition increases and these two subbands switch at the 50% Al composition, where the jZi state becomes the first subband. This phenomenon is expected according to the previous theoretical analysis 30, [35] [36] [37] Moreover, because a larger current will result in the screening effect of QCSE, the relative energy separation drops slightly as the current density increases.
For the m-plane deep UV QW as shown in Fig. 5 , the band structure is dominated by the jX'i (k c-axis) state. For the high Al condition, the jX'i state (jZi sate) is already the highest state. In the c-plane QW, the hole wave is confined in the z-direction so that the jZi-liked state shifts down due to the quantum confined effect and compressive lateral strain. In the m-plane QW, the hole wave is no longer confined in the c direction so that the jZi-state does not shift to the lower band and remains on the top.
As shown in Fig. 6 , the relative energy separation of the jX'i state from the jY'i state becomes more in the higher Al composition case, which means that the jX'i state rises while the jY'i state descends. It is due to the contribution of D cf in the high Al composition case, which causes the jX'i states (jZi states) to rise. Also, the relative energy separation of the m-plane shows less dependence to the current density since there is no polarization charge and screening of QCSE to affect the band separation.
Figs. 7(a) and 7(b) show the polarization ratio q z 0 and q x 0 y 0 of c-plane and m-plane, respectively. As shown in Fig. 7(a) , when the Al composition increases, the polarization ratio will become gradually larger because of the raise of the jZi-like state. Fig. 7 (a) also shows the polarization ratio of the X 0 -polarized light to the Y 0 -polarized light, and we can see that it is not a good polarized light source for the surface emitting diode. If the Al composition increases, it can be a Z-polarized light source for the edge emitting laser. As shown in Fig. 7(b) , the polarization ratio of the m-plane AlGaN QW is dominated by the in-plane polarized light, where the X 0 polarized light is the main polarization light source. This is good for UV LEDs. The polarization ratio q x 0 y 0 is not isotropic any more due to anisotropic strain. Therefore, for the m-plane deep UV LED, the emission is mainly dominated by the X 0 polarized light, which is good for both LED and LD applications.
B. Semipolar AlGaN QW
Since the semipolar epitaxy is another approach to solve the problem of UV LEDs, we also investigated the potential application of semipolar AlGaN QW UV LEDs. In this paper, the semipolar planes (11 22) and (20 21) will be discussed in detail. Figure 8 shows the band structure of the AlGaN based semipolar (11 22) and (20 21) deep UV LEDs, with Al composition equal to 40%. For the (11 22) case, the subband mixed with approximately 0.81jX'i þ 0.58jZ'i-like state becomes the first top band while the jY'i subband is the second highest band. However, similar to the nonpolar mplane case, the jY'i subband energy drops with the increase of the Al composition and the jX' þ Z'i-like state will become the top band. The energy separation between the highest jX' þ Z'i-like and jY'i-like states increases proportional to the Al composition as shown in Fig. 9(a) . Since the jX'i-component in the first subband is stronger than the jZ'icomponent, the polarization ratio q z 0 still decreases as shown in Fig. 9 (b) even if the jY'i subband drops. The drop of the jY'i subband severely influences the polarization ratio q x 0 y 0 . Therefore, as shown in Fig. 9(b) , the polarization ratio q x 0 y 0 increases significantly and this might be good for LD applications. However, the contribution of the jZ'i subband cannot be eliminated in the (11 22) 033104-4 Figure 10 shows the polarization ratio as a function of the QW width for different aluminum compositions. With the increase of the QW width, the composition of the jX'ilike state becomes more in the mixed states, so the polarization ratio q z 0 decreases as shown in Fig. 10(a) . For a wider QW width, the quantum confined effect is weaker. Although the jY'i liked state is not moving to the top band, the band separation becomes smaller and the polarization rate decreases slightly. Since both the X 0 and Y 0 polarized lights increase, the polarization ratio q x 0 y 0 does not change too much as shown in Fig. 10(b) . As we know, since the QCSE is weaker in the semipolar plane, we can have a larger QW width, which is good for high power applications.
For the (20 21)-plane case, the band structure is mixed with X 0 and Z 0 bands where the ratio of X 0 to Z 0 is 0.95 to 0.32. Fig. 9(a) shows the energy separation between the highest X 0 and Z 0 mixed state and the jY'i-like state. The separation increases proportional to the Al composition and it shows no relation to the current density. The results of the (20 21 for (20 21 ) is close to the 90 . However, there is a little jZ'i-like state mixing with the jX'i-like state so that the polarization q z 0 does not seem to be as large as the mplane case as shown in Fig. 9(b) . The trend of polarization q x 0 y 0 shows consistency with the m-plane case because the jY'i band drops with the increase of Al composition, which is similar to the m-plane case. Fig. 10(a) shows that the polarization q z 0 has no relation to the QW width since it is mainly affected by the ratio Z 0 to X 0 of the first subband, not affected by the band filling effect. The wider the QW width, the weaker quantum confined effect so that the energy separation of the 0.95jX'i þ 0.32jZ'i to the jY'i state becomes smaller. As a result, there are more carriers being filled in the jY'i-like state, which causes the polarization q x 0 y 0 to decrease with the increase of QW width as shown in Fig. 10(b) . depth, which leads to an earlier overflow. Due to the polarization charge caused by the internal polarization field, the IQE has a strong droop effect, especially for the result of the Al 0.4 Ga 0.6 N/Al 0.6 Ga 0.4 N deep UV LED. To eliminate the polarization field, the m-plane structure is used for comparison as shown in Fig. 11(b) . The IQE behavior of the m-plane multiple AlGaN QWs versus current density shows a weaker droop compared to c-plane cases. Currently, most reported EQEs of the c-plane QW is still quite low (2% to 4%). [18] [19] [20] One is due to the low light extraction efficiency (5% to 20%) as we discussed in Secs. III A and III B. One may be due to the high dislocation density and large activation energy in the AlGaN layer. Recently, a deep UV LED over 10% and IQE over 60% had been reported 21, 22 by reducing the dislocation density. It shows that once the dislocation density can be reduced to a reasonable range, the IQE could be high but the light extraction issue needs to be resolved.
We know that threading dislocation density (TDD) will affect the nonradiative lifetime, s n and s p , used in our simulation. Fig. 12(a) s. This will affect the IQE significantly as shown in Fig. 12(a) . It looks like that the TDD is still a dominating factor for the deep UV LED.
For the c-plane Al 0.4 Ga 0.6 N/Al 0.6 Ga 0.4 N multiple QWs, we also investigated their IQE behavior with different activation energies. As shown in Fig. 12(b) , the IQE peak rises with the decrease of acceptor activation energy. This is due to the unbalance transport behavior between the hole and the electron, where the electron will be much easier to overflow if the hole cannot be injected efficiently. It shows that the high p-type doping activation energy is surely a drawback for the deep UV LED. 
IV. CONCLUSION
In this paper, we have investigated the optical polarization property of the c-plane, m-plane, (11 22) -plane, and the (20 21)-plane AlGaN based deep UV LEDs. Because of the weak surface emitting performance and QCSE, the EQE of the c-plane AlGaN based QW is quite low. For the m-plane AlGaN QW, the emitted light is in-plane polarized which would be good for the surface emitting. The linearly polarized light source can also be applied to LDs. In addition, both the semipolar cases show a good potential to be applied to the LD, too. However, the (11 22 (11 22)-plane can be another choice. This study also shows that the low IQE of the c-plane AlGaN based multiple QWs may be related to the high activation energy, dislocation density, polarization charge, and QW depth. Therefore, the result suggests that the m-plane AlGaN QW would have a better performance in either IQE or the light extraction.
